The envelope gene (env) of human immunodeficiency virus type 1 (HIV-1) undergoes rapid divergence from the transmitted sequence and increasing diversification during the prolonged course of chronic infection in humans. In about half of infected individuals or more, env evolution leads to expansion of the use of entry coreceptor from CCR5 alone to CCR5 and CXCR4. The stochastic nature of this coreceptor switch is not well explained by host selective forces that should be relatively constant between infected individuals. Moreover, differences in the incidence of coreceptor switching among different HIV-1 subtypes suggest that properties of the evolving virus population drive the switch. We evaluated the functional properties of sequential env clones from a patient with evidence of coreceptor switching at 5.67 years of infection. We found an abrupt decline in the ability of viruses to use CCR5 for entry at this time, manifested by a 1-to 2-log increase in susceptibility to CCR5 inhibitors and a reduced ability to infect cell lines with low CCR5 expression. There was an abnormally rapid 5.4% divergence in env sequences from 4.10 to 5.76 years of infection, with the V3 and V4/V5 regions showing the greatest divergence and evidence of positive selection. These observations suggest that a decline in the fitness of R5 virus populations may be one driving force that permits the emergence of R5X4 variants.
Human immunodeficiency virus type 1 (HIV-1) infection is usually initiated by outgrowth of one or a few genotypic variants (42, 44, 59, 72, 75, 77) followed by a prolonged period of asymptomatic infection during which virus populations diversify and after a period (26) diverge from the founder sequence (61) . This process is driven by the high rate of virus genetic mutation and recombination (46, 62) and the selective forces on the diverse virus population imposed by the host (48) . Evolution of HIV-1 envelope gene (env) sequences leads to expansion of coreceptor use/cell tropism from CCR5 (macrophage tropism) to CXCR4 (T-cell line tropism) in Ն50% of subtype B-infected individuals at late stages of disease (3, 47, 60, 61, 65, 71) . Infection with subtype C HIV-1 is associated with a lower incidence of coreceptor switching (8, 54, 56) , and infection with subtype D may be associated with more-frequent switching (29) . This switch in coreceptor use correlates with more-rapid clinical progression of disease (2, 12, 35) , although this correlation does not establish causation.
In vitro studies on coreceptor switching, as well as genetic analysis of viral env sequences, suggest that viruses at intermediate stages between CCR5 use and CXCR4 use (the transition from R5 to R5X4 or X4 virus) are less fit than parental R5 populations (49, 50, 52, 31, 73) . Intermediate stages in coreceptor switching may also differ in preference for CCR5 versus CXCR4, and these stages have recently been proposed to be designated dual-R (CCR5 preference) or dual-X (CXCR4 preference) based on cell line entry assays (29) . These presumably less fit intermediates are often difficult to detect in patient samples (65, 68) , probably because they are at a competitive disadvantage compared to other viruses in the diverse population. One predictable consequence is that newly emerging R5X4 variants recovered from patients are only distantly related to earlier R5 populations by sequence homology (61, 65) , despite the small number of mutations that are usually required for coreceptor switching in vitro (5-7, 22, 34, 52) . In vitro models of coreceptor switching fail to reproduce the interactions between members of a large viral quasispecies, and they also may add selective pressures to adapt to levels of CD4 and coreceptors expressed on artificial cell lines and remove selective pressures imposed by the host, such as immune responses, chemokine levels, and coreceptor expression. It is therefore important to validate that coreceptor switching involves transition through a stage of reduced fitness by assessment of Env function by using sequences directly isolated from patients.
ton, MA), 2.5 mM MgCl 2 , 200 M deoxynucleoside triphosphates, 25 pmol of each primer (purified by high-performance liquid chromatography), 2.5 U of Bio-X-Act Taq polymerase, and 2 l of first-round PCR product. Paraffin wax was used to achieve a "hot start" to prevent mispriming and primer-dimer formation during the initial temperature ramp-up (25) . "Touchdown" PCR (14) was initiated at an annealing temperature of 60°C and decreased by 0.2°C per cycle for 20 cycles, followed by 10 additional cycles at an annealing temperature of 58°C.
PCR products were cloned into mammalian expression vector pWR508 (67) . Ligations were transformed into the Escherichia coli strain DH10B. To improve the stability of cloned DNA, bacteria were grown at 30°C in standard LB medium with 50 g/ml of ampicillin. To test for transient expression of full-length and posttranscriptionally processed proteins, purified plasmid DNA samples were transfected into COS7 cells and extracts were subjected to analysis by Western blotting and probed with pooled HIV-positive human sera.
Pseudovirions. Infectious pseudovirus was constructed by coexpressing Env with the NL4-3 Env protein-negative, Luc-positive reporter plasmid (11) , and infectivity was assayed for U87.CD4.CCR5 cells, U87.CD4.CXCR4 cells (13) , MT-2 cells, MT-2.CCR5 lo cells, or MT-2.CCR5 hi cells (51) . The CCR5 inhibitors PSC-RANTES (23) and TAK779 (1) and the CXCR4 inhibitor AMD3100 (15) were used to confirm coreceptor use and preference as well as sensitivity to inhibition. Fifty percent inhibitory concentrations (IC 50 ) were determined using full titrations of either PSC-RANTES or TAK779 to inhibit infection of U87.CD4.CCR5 cells, with IC 50 calculated by using curve fitting programs in Prism 4 (GraphPad, San Diego, CA) as previously described (50) . Coreceptor preference was determined by blocking infection of the MT-2.CCR5 hi cell line that expresses both CXCR4 and CCR5 with one or both coreceptor inhibitors. Viruses that can utilize CCR5 and CXCR4 equally well require both coreceptor inhibitors to block infection, whereas viruses that prefer either CCR5 or CXCR4 are sensitive to the single inhibitor targeting that coreceptor.
Sequence analysis. Sequences of the gp160 region from 45 Env genes used to make pseudoviruses were determined by Sanger sequencing and aligned with ClustalX (41) . Manual editing and predicted protein translation were performed using BioEdit (version 7.0.5.3). Phylogenetic analysis (using neighbor-joining algorithms with bootstrap testing of 200 replicates), determination of genetic distance, and estimation of the proportions of synonymous (dS) and nonsynonymous (dN) sites (with Jukes-Cantor correction and complete deletion) were determined using MEGA (version 3.1) software. Initial phylogenetic analysis included reference sequences obtained from the Los Alamos HIV sequence database to investigate sequence quality (including contamination and intersubtype recombination). Viral divergence from the founder strain and viral diversity were estimated for each time point. A clone with a sequence most homologous to the consensus B sequence was used as the founder strain, but similar results were obtained using a consensus sequence from the first time point. The position-specific scoring matrix (PSSM) for each sample was obtained with a Webbased program (http://indra.mullins.microbiol.washington.edu/pssm/), and the ϫ4r5 matrix was used. Potential N glycosylation sites (PNGS) were identified using N-GlycoSite (76) . Positive selection of specific amino acids at each position of gp120 was analyzed using the methods described by Liu et al. (43) . Potential cytotoxic-T-lymphocyte (CTL) epitopes (PCTLep) were identified based on alignment with the gp160 CTL/CD8 ϩ Epitope Map (36) with the HLA genotype of Multicenter AIDS Cohort Study (MACS) patient 5 taken into account (HLA A.0201 homozygous, B.0702/2705, C.0202/0.0702).
Nucleotide sequence accession numbers. All nucleotide sequences used in this study were submitted to GenBank and can be found under the accession numbers FJ222409 to FJ222440 (see Fig. 1 ).
RESULTS
We have characterized 30 full-length functional env clones from a total of 82 clones collected longitudinally from patient 5 described in the study of Shankarappa et al. (57, 61) . This patient from the MACS cohort (33) showed the appearance of env sequences consistent with R5 to R5X4 switching at 5.67 years postinfection (p.i.), at the time of maximum divergence from the founder env C2-V5 sequence (61) . Only clones derived from 5.67 years p.i. (visit 13; clones numbered 13-n, where n is a given number) showed expansion of coreceptor use from CCR5 to CXCR4, and routine typing of all functional clones on U87 target cells assigned the R5X4 phenotype predicted by the original V3 sequence (31, 61) and by the PSSM score (Fig. 1B) . Data on the evolution and function of fulllength env sequences (as opposed to the C2-V5 sequences analyzed by Shankarappa et al. [61] ) in patient 5 are presented in Fig. 1 .
Env sequence evolution. The sequences of the full-length env clones from the last time point sampled, 5.67 years p.i., were closely related to each other and substantially diverged from env sequences from each earlier time point (Fig. 1) . Envelope sequences continued to diverge from the founder sequence at the expected rate (ϳ1%/year) until visit 10 at 4.10 years p.i., but a further 5.4% divergence was observed over the next 18 months. There was no evidence, however, to indicate that this subject was superinfected with another subtype B strain, as the level of divergence is low relative to that of unlinked strains and the emerging sequences were phylogenetically closely linked to the preexisting sequences (61) . To determine if this divergence was uniform across Env proteins, we analyzed amino acid diversity from the founder sequence by region (Fig.  2) . The largest contributions to the increased diversity in the year 5.67 p.i. samples were made by the V3 and V4/V5 regions ( Fig. 2D and E) . We then analyzed the nucleotide sequences for evidence of positive selection by comparing the numbers of dS and dN substitutions (Fig. 3) . The dN/dS ratio for the entire gp160 coding sequence showed no evidence of positive selection ( Fig. 3A) and only weak evidence of positive selection when only the V3 region was analyzed (Fig. 3B) . However, the V4/V5 region ( Fig. 3C) showed evidence of strong positive selection (dN/dS Ͼ 1.0). By contrast, there was no evidence of positive selection of the V1/V2 or gp41 region (data not shown) by this method. Because the dN/dS ratio does not take into account selection for specific amino acid substitutions, we performed a second analysis of positive selection using a more powerful method.
Accordingly, we analyzed the sequence changes from 4.10 years p.i. to 5.67 years p.i. for evidence of positive selection by using methods described previously by Liu et al. (43) . These results are presented graphically in Fig. S1 in the supplemental material and summarized in Table 1 . The positive selection evident between 4.10 and 5.67 years p.i. was associated with 31 amino acid substitutions in gp120, with the majority of substitutions occurring in variable regions. There were seven changes in the V3 region, including an S11R substitution and increased positive charge, changes previously associated with CXCR4 use (6, 30, 39) . There were 10 changes in the V4/V5 region, resulting in an increase in the net charge of the V4 region ( Table 1 ). The PNGS within this patient were also investigated. The number of PNGS within the gp160 region varied from 26 to 30 with no net increase or decrease over time. Most of the shifting PNGS were located in insertions within the variable regions. We also determined PCTLep in gp120 (Table 1 ) and gp41 to determine if the robust CTL response to Env observed in this patient (57) might account for the high level of positive selection (43) . Of the 31 sites in gp120 showing evidence of positive selection, 8 were in PCTLep, predicted based on the patient HLA genotype. These included several substitutions in V3 that are also associated with coreceptor switching. We also observed 15 sites in gp41 with evidence of positive selection, and 7 of these sites were within predicted CTL epitopes.
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Functional evolution of Env. Thirty of 82 env clones tested yielded functional Env proteins as evidenced by mediating entry of pseudotyped virus into U87.CD4.CCR5 and (for year 5.67 p.i. env clones only) U87.CD4.CXCR4 target cells. The CCR5 use of each functional env clone was evaluated by one of two assays. The first assay measured the sensitivity of single-cycle infection of U87.CD4.CCR5 cells to the CCR5 inhibitor PSC-RANTES (23) or TAK779 (55) , and the second measured ability to infect MT-2.CD4.CCR5 cells expressing high or low levels of CCR5 (51) . Figure 4 shows the changes in IC 50 of PSC-RANTES (Fig. 4A) or TAK779 (Fig.  4B) . These data show a remarkable and highly significant increase in susceptibility to both CCR5 inhibitors that coincides with the appearance of R5X4 variants. Moreover, 3 and viral RNA copy number (log 10 scale; panel A) and the PSSM score for V3 sequences at each time point. The right side of the figure shows a phylogenetic tree depicting the relationship between env gp160 sequences of the biological clones studied here. Symbols indicate coreceptor use and preference of each clone. Only a subset of nonfunctional env clones is depicted. The coreceptor preference of each env clone with evidence of R5X4 tropism is indicated by the symbols for R5 or X4. R5 ϭ X4 indicates that both PSC-RANTES and AMD3100 were required to inhibit infection of MT-2.CCR5 hi cells. R5 Ͼ X4 indicates that PSC-RANTES alone could partially inhibit infection but AMD3100 alone could not. X4 Ͼ R5 indicates that AMD3100 alone was more inhibitory than PSC-RANTES alone. ZDV, zidovudine. points in Fig. 4A ) and was the closest ancestor to clones from the last visit (Fig. 1) . Figure 5 shows the results of various CCR5 densities on target cells on infection mediated by Env proteins from patient 5. Figure 5A shows the ratio of infected CCR5 hi cells to infected CCR5 lo cells, which is less than 5 until 5.67 years p.i., when the ratio increases to a mean of 39.79 Ϯ 7.75. Figure 5B shows that the change in ratio at year 5.67 p.i. is due both to a loss of infection efficiency with low CCR5 levels and to a gain of infection efficiency, with high CCR5 levels indicated by increased mean relative light unit signals on MT-2.CD4.CCR5 hi cells. Also note that there were significant decreases in the use of CCR5 for both cells with low CCR5 levels and cells with high CCR5 levels at year 4.10 p.i., a time before any R5X4 Env clones were detected.
A coreceptor preference assay provided additional evidence of functional differences between year 5.67 p.i. Env proteins. Coreceptor preference was assessed by determining the sensitivity of infection to either CCR5 or CXCR4 inhibition on target cells expressing both coreceptors (see Materials and Methods for details). The results are depicted schematically in Fig. 1 , and the inhibition data are presented in Fig. 6 . The majority of Env proteins from 5.67 years p.i. were more sensitive to the CXCR4 inhibitor AMD3100 than the CCR5 inhibitor PSC-RANTES and were thus scored as having a preference of X4 Ͼ R5. A smaller number of Env proteins were equally inhibited by both agents and were scored as R5 ϭ X4. Only two Env proteins, 13-70 and the poorly infectious clone 13-8, showed a strong preference for CCR5 in this assay. By contrast, all Env clones from earlier time points were fully sensitive to PSC-RANTES inhibition and were not inhibited by AMD3100. The coreceptor preference assay used with a single target cell and coreceptor-specific inhibitors was more sensitive in assigning use of CCR5 and CXCR4 than in determining relative entry into different target cells expressing either CCR5 or CXCR4 (Fig. 6B ), although cells with strong CXCR4 preference were identified in both assays. Env 13-70 had the unusual V3 crown sequence GPGG, and changing this to the consensus GPGR sequence (13-70 G/R) changed the coreceptor preference from CCR5 to CXCR4 ( Fig. 1 and 6 ). However, Env clone 13-70 and the V3 consensus clone 13-70 G/R had identical high sensitivities to CCR5 inhibitors and poor abilities to infect target cells with low CCR5 levels (data not shown), suggesting that loss of CCR5 binding was influenced by sequence changes elsewhere in the Env protein.
DISCUSSION
The results presented here demonstrate two striking features of HIV-1 envelope evolution associated with coreceptor expansion from CCR5 alone to CCR5 and CXCR4. First, there was a major divergence in env sequence from the last pure R5 virus to the first R5X4 variant, with the greatest divergence observed in the V3 and V4/V5 domains and the Fig. 1 to 3 ; Table 1 ). Second, there was a major change in the efficiency with which Env engaged CCR5, demonstrated by increased sensitivity to CCR5 inhibitors (Fig. 4) and a diminished ability to infect target cells with low CCR5 expression (Fig. 5) . A detailed functional analysis of env clones from the time of first appearance of R5X4 variants showed a spectrum of CCR5 versus CXCR4 preference as coreceptor (Fig. 6) . These results confirm and expand upon prior work (19, 40, 61, 65) indicating that coreceptor switching in patients involves sequence changes both in V3 and in other regions of Env. They are also consistent with our earlier observations in cell culture models (49, 50, 52) that V3 mutations, while necessary for coreceptor switching, must be accompanied by compensatory mutations elsewhere in env to produce virus with reasonable competitive fitness. The rapid evolution of the V4/V5 domain has been observed in at least one other patient described in a recent publication (21) , although the association of the sequence changes with coreceptor switching is unknown. Extensive sequence changes in V4/V5 following coreceptor switching have been noted in other studies (28, 63) , but the kinetics of these changes were not presented. Our results confirm that rapid and extensive changes in the V4/V5 sequence can accompany coreceptor switching. The results presented in Fig. 5 are potentially very important because they show a decrease in the ability of Env clones to mediate infection of MT-2 target cells with either high or low CCR5 expression at 4.10 years after infection, a time point that precedes the detection of any R5X4 variants by about 18 months. This observation suggests that it may be possible to develop phenotypic assays that predict the impending onset of coreceptor switching, if the data from this single patient can be extended to a larger number of HIV-1-infected patients. The gradual increase in PSSM score observed to occur prior to the appearance of X4 viruses, including R5X4 viruses with intermediate values (31) , also indicated that a predictive measure is possible prior to the occurrence of a phenotypic switch. The same data show that the ability to infect target cells with high CCR5 expression is either sustained or improved, while the ability to infect target cells with low CCR5 levels declines (Fig.  5B ). This result suggests that the lower avidity for CCR5 predicted by increased sensitivity to CCR5 inhibitors has a major impact only when CCR5 levels are limiting. Very high CCR5 levels may allow increased avidity of Env binding by engaging multiple CCR5 molecules in dense local aggregates, as predicted by prior studies of infection (37, 38) and cryoelectron tomography of virus-target cell interactions (64) . It is possible that entry via high CCR5 levels could be mediated by binding to only the CCR5 N-terminal domain (74) , whereas entry via low CCR5 levels would require the more-efficient binding of (Fig. 1) , while the unfilled circles represent other env clones from this time point. a Fifteen additional sites in gp41 showed evidence of positive selection. Seven of 15 sites in gp41 under positive selection were in PCTLep. both the N-terminal domain and other extracellular domains. This explanation is consistent with a two-site binding model wherein the base of the V3 loop contacts the CCR5 N terminus and residues near the tip of the loop contact CCR5 EC2 (16, 24) . Env 13-70 from the last visit may represent the capture of an intermediate in this process, since it has poor entry function on CCR5 and even worse entry function via CXCR4. The functionality of clone 13-70 was largely repaired by changing the V3 crown sequence from GPGG to GPGR, suggesting that this conserved sequence may be important for binding to CXCR4. Env 13-70 shares the divergent V4/V5 region with other clones from this time point, so it appears to have accumulated the compensatory mutations necessary for efficient CXCR4 use, and it is likely that the GPGR to GPGG mutation was a recent event, since it should reduce competitive fitness.
The loss of apparent CCR5 binding avidity noted in our results is consistent with prior observations suggesting that R5X4 viruses are more sensitive to a CCR5 inhibitor than are R5 viruses (73) . Moreover, a recent publication (45) reported entry data consistent with our observations. Entry efficiency in the Trofile assay (69) continued to increase in patients who progressed without any detection of R5X4 variants, but the signal on R5 targets declined in those patients who developed R5X4 (or dual/mixed) variants (45) . These entry effects were not seen in the sample of 30 individual Env clones from a single subject studied in our experiments but were apparent in the population of the 785 patient samples used in the Trofile assay (45) . The increase in entry efficiency via CCR5 was negatively correlated with CD4 T-cell counts in those patients who failed to develop R5X4 or dual/mixed viruses (45) , suggesting that such a change may accelerate disease progression.
The stochastic nature of coreceptor switching (i.e., it occurs in a subset of infected patients but is correlated with high viral load, low CD4 T-cell numbers, and reduced expression of CCR5) (3, 66) suggests that target cell availability and coreceptor density are selective forces. Our results are consistent with a model whereby the bifurcation point is determined by either continuing to improve CCR5 binding (as in patients who do not undergo coreceptor switching) or starting down a pathway of diminished CCR5 binding that is permissive for coreceptor switching. The continued improvement in CCR5 binding has been inferred from prior studies of RANTES inhibition (32) and is assumed to be driven by a combination of mutation and selection acting on the viral quasispecies in each patient. The accumulation of mutations that improve CCR5 use should be limited by a fitness peak whereby additional mutations are more likely to decrease than increase fitness (58, 70) . For our results, it is important to note that every Env from the last visit had lost efficiency of entry via CCR5 and that the closest ancestor at the prior sampling time (clone 10-18) had the poorest use of CCR5 of any Env from that time point (Fig.  4A) . We thus propose that an important event in coreceptor switching is an env mutation(s) that diminishes CCR5 binding and that mutations deleterious for CCR5 use continue to accumulate as mutations that improve CXCR4 occur. Efficient use of CXCR4 appears to require multiple mutations in both V3 and V4/V5 (although the importance of V4/V5 mutations has not been formally demonstrated; see Table 1 ), suggesting that there may be a population bottleneck at a point where CCR5 entry efficiency has diminished and CXCR4 entry has yet to be optimized. It is not obvious from this proposed explanation that every mutational pathway that impairs CCR5 use inevitably leads to CXCR4 use; it is possible that additional mutations can restore CCR5 binding and reverse the trend toward CXCR4 engagement (31) . The evidence for strong positive selection for V3 and V4/V5 replacement mutations ( Fig. 3 and Table 1 ; see Fig. S1 in the supplemental material) suggests that changes in these domains are essential for binding to both CCR5 and CXCR4 and that the envelope surface near the conserved bridging sheet must be remodeled to accommodate this new functionality. Additional selection pressure may have been exerted by Env-specific CTLs, which were readily detectable in this patient (57) , and could have helped drive the many substitutions in the V3 region. Note, however, that PCTLep were not identified in the V4/V5 region and that antibody selective pressure on variable regions is expected to diminish with increasing duration of infection (4) .
Coreceptor switching is less frequent in subtype C HIV-1 infections. How do our results explain this observation? There are recent data suggesting that different V3 conformations in subtype C Env limit adaptation to CXCR4 (53) . It is also possible that compensatory mutations in regions other than V3 that are necessary for efficient CXCR4 use are more difficult to accomplish. Sequences from subtype C show more variation in the C3 region than in the V3 region (8-10), and the rare R5X4 subtype C isolates show major divergence from earlier R5 isolates (9) . These observations are thus consistent with the probability of coreceptor switching being determined by the starting Env sequence and the mutational distance to a fit R5X4 descendant, which would vary with subtype.
Our observations and model for coreceptor switching do not entirely rule out other hypotheses, such as those implicating target cell selection (17, 18) or immune pressures (20, 27) , that preferentially slow the emergence of R5X4 HIV-1 strains. hi cells was inhibited by PSC-RANTES to block CCR5-mediated entry, AMD3100 to block CXCR4-mediated entry, or both inhibitors (PϩA) as indicated in the key. Data are plotted as the means and standard errors for percent inhibition for three replicate experiments. HXB2 Env is the control for CXCR4 use, ADA Env is the control for CCR5 use, and ADA-1M45 is the control for equivalent CCR5 and CXCR4 use. Preference for CCR5 is defined as inhibition by PSC-RANTES that was statistically significantly greater than that by AMD3100. Preference for CXCR4 is defined by greater inhibition by AMD3100 than by PSC-RANTES. If the two inhibitors showed equivalent inhibition levels, then the coreceptor preference is designated R5 ϭ X4. (B) Relative entry of the same set of Env-pseudotyped viruses into U87.CD4.CCR5 target cells (log CCR5 relative light units [RLU]) versus U87.CD4.CXCR4 target cells (log CXCR4 RLU). Data are displayed as means Ϯ standard errors for RLU in each assay. Only a subset of Env clones are identified by the clone name; these showed the largest differences between CCR5-and CXCR4-mediated entry.
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However, the collapse of CCR5 use documented in these studies does provide a potential explanation for the stochastic nature of coreceptor switching and its linkage to the subtype of HIV-1, and we propose that it is an important early event that allows other selective forces to become operative.
